Tubular cathodes provide a method to obtain high surface areas for scaling up microbial fuel cells (MFCs), but the importance of the cathode shape is not known. We therefore examined power production using cathodes in various configurations (tubes or flat). The MFC with a single internal 
INTRODUCTION
Microbial fuel cells (MFCs) are a promising technology for producing renewable energy using naturally existing microorganisms and wastewaters (Logan et al. ) but developing practical systems requires the use of electricallyconductive and inexpensive materials with high surfaces in reactors with closely spaced electrodes. The highest power densities in MFCs have been achieved using anodes made of carbon cloth, but the material is expensive and it has a low porosity. Many other materials have been used to produce high power densities, including graphite fiber brush electrodes (Logan et al. ) , graphite granules (Rabaey et al. ) granular activated carbon (He et al. ) , and reticulated vitrified carbon (He et al. ) .
The use of air-cathodes in MFCs is a practical method for achieving sustainable energy production, but the design of this type of cathode is difficult due to the need for three phases (air, liquid and solid) for oxygen reduction with protons and electrons on the cathode surface (Zhao et al. ) . Even when precious metal catalysts such as Pt are used on the cathode, power densities in MFCs are usually limited by the cathode performance (Oh et al. ) . With equally sized electrodes, MFCs with flat air-cathodes have achieved power densities as high as 2,000 mW/m 2 or 1,000 W/m 3 based on the cathode projected surface area (Cheng & Logan ; Fan et al. ) . Reducing the anode size relative to the cathode produces an apparent increase in power densities normalized by the cathode area, but it does not actually increase power (Oh et al. ; Ishii et al. ) . Increasing the cathode surface area relative to that of the anode will increase power. For example, tripling the cathode size increased power in an aqueous air-cathode MFC by 24% (Oh et al. ) . Doubling the size of both electrodes, but maintaining the same reactor volume increased power by 107% (Fan et al. a) . This suggests that a viable strategy for increasing power output is to increase the specific surface areas of the electrodes (surface area per volume of reactor). High surface area anodes are easily achieved by increasing fiber densities on brush anodes. However, increasing the surface area of the cathode is more difficult as most air-cathode MFCs use a two single flat cathode facing the air.
One proposed method of increasing the specific surface area of the cathode was to place tube-shaped air-cathodes inside of the reactor (Liu et ) than a UF membranes, but only flat electrodes materials were available to be used (Zuo et al. ) .
We investigated here the performance of carbon cloth air-cathode MFCs with different cathode structures (tubular or flat) to provide a more comprehensive analysis of cathode shape on power generation. In contrast to previous tests using tubular cathodes that produced high internal resistances, only high performance carbon cloth material was used in different shapes, thus ensuring that power densities were not adversely affected by cathode material.
METHODS
Three different carbon cloth cathode (C) structures were: one or two tube cathodes inserted inside the reactor (Tube); a single cylindrical (external) tube that formed the wall of the reactor (Tubular); or one or two flat cathodes (Flat) as a wall of the reactor as positive controls (Figure 1 ). Flat cathodes were made by coating Pt (0.5 mg/cm 2 ) onto a circular-shaped piece of carbon cloth (type B, 30% wetproofed, E-Tek; projected surface area of A cat ¼ 7 cm 2 ) with four diffusion layers (Cheng & Logan ) . Tube cathodes were made by rolling the treated carbon cloth prepared in the same way into a tube that was sealed using epoxy. Each tube (1.5 cm diameter and 6 cm long; A cat ¼ 13.5 cm 2 ) was placed inside the reactor by adding an additional section to the reactor as described below. (Figure 1(a) ). An ammonia gas treated (Cheng & Logan ) graphite fiber brush anode (1.4 cm diameter × 2.5 cm length, PANEX ® 33 160K, ZOLTEK) with a surface area of 1,300 cm 2 (95% porosity) was placed vertically at the center of the reactor. One (Flat-1C; Table 1 ) or two (Flat-2C; Table 1 ) flat carbon cloth cathodes were placed at the ends of the chamber, producing an electrode spacing of 1 cm (based on the center line of electrodes). Two layers of porous cloth (Handi Wipe cloth, similar to J cloth) were placed against the inside cathode surface to separate the electrodes (Fan et al. a) .
The same type of anode (2.5 cm diameter × 2.5 cm length, surface area 2,235 cm 2 , fiber type: PANEX ® 33
160K, ZOLTEK) and reactor design was used for the tube cathode MFC. However, an additional section of the reactor (2 cm × 3 cm diameter) was added to the anode chamber to hold a second tube (Tube-2C) (Figure 1(b) ). Each tube cathode had a 2-cm distance to the brush anode (based on the center line of electrodes). Two layers of porous cloth were placed between the electrodes. Higher surface areas can be achieved when a cathode is placed around the anode so that it completely encases the anode. A tubular reactor was constructed with a longer brush anode (8 cm × 1.4 cm diameter; 4,160 cm 2 ) inside the tube cathode (8 cm × 2.5 cm diameter), and an electrode spacing of 1.25 cm (center line of electrodes) (Figure 1(c) ). Two layers of porous cloth were placed inside the tubular reactor to separate the electrodes. Butyl rubber stoppers sealed the reactor with the metal tip protruding for the electrical circuit connection. All MFCs were inoculated using effluent from an MFC operated for more than 1 year (initially inoculated using primary clarifier effluent from a wastewater treatment plant). The solution used in all tests contained acetate (0.8 g/L), a phosphate-buffered saline solution (PBS; 100 mM; Na 2 HPO 4 , 8.18 g/L and NaH 2 PO 4 ·H 2 O 5.86 g/L), NH 4 Cl (0.31 g/L), KCl (0.13 g/L), trace mineral (12.5 mL/L), and vitamin solution (5 mL) (Liu & Logan ) . All reactors were considered to be fully enriched if the maximum voltage produced was repeatable for at least three batch cycles. The nutrient solution was refilled once the voltage dropped below ∼50 mV (external resistor of >500 Ω), or below ∼10 mV with an external resistances <250 Ω, with all tests done at 30 W C.
Voltage (V ) was measured using a data acquisition system (2700, Keithly, USA). Current (I ¼ V/R), power (P ¼ IV), and CE (based on the total input acetate) were calculated as previously described (Zuo et al. ) , with power and current density normalized to the total reactor volume (m 3 ). External resistance was varied from 10-1,000 Ω for polarization and power density data. In each test a single resistor was used for at least two batch cycles. Internal resistance (R int ) was measured in 100 mM PBS by electrochemical impedance spectroscopy (EIS) over a frequency range of 10 5 to 0.005 Hz with a sinusoidal perturbation of 10 mV amplitude (PC4/750 potentiostat, Gamry Instruments Inc.). The anode was the working electrode and the cathode the counter and reference electrode (Cheng et al. a) .
RESULTS AND DISCUSSION
The MFC with two cathode tubes inside the reactor (Tube-2C; A cat ¼ 93 m 2 /m 3 ) produced a maximum power of 2.41 mW, which was 70% higher than the power produced with a single tube cathode (Tube-1C; A cat ¼ 68 m 2 /m 3 ;
1.42 mW). However, the use of two cathodes increased the reactor to 29 mL, compared with 20 mL for the single cathode. The power normalized to volume with a 37% higher specific surface area produced a 17% larger maximum volumetric power density (83 ± 7 W/m 3 ) than the single cathode tube MFC (71 ± 8 W/m 3 ) based on polarization data (Figure 2(a) ). Both tube cathode reactors had similar was 54% greater than the reactor with two internal tubes (Figure 2(b) ). The external tubular MFC configuration achieved a smaller electrode spacing (1.25 cm) and a lower resistance (9 ± 1 Ω) than the two internal tube cathode MFC. (Figure 2(c) ). These two MFCs had similar internal resistances (6 ± 0 Ω; two cathodes, 7 ± 1 Ω one cathode). At a fixed external resistance of 40 Ω, the CEs of all reactors ranged from 44 to 70% (Figure 3) . The CEs decreased with the increased cathode specific surface area, likely as a result of more surface area for oxygen to diffuse into the reactor. This influx of oxygen can lead to loss of substrate due to aerobic respiration. The MFC with the smallest cathode surface area, a single tube cathode inside the reactor The lack of importance of the tubular versus flat architecture can be seen by comparing the results of five reactors with different architectures. The maximum volumetric power densities from the different reactors was significantly a function of cathode specific area (Figure 4) , a finding that would not be possible if the cathode shape was a dominant factor in power production. Based on the regression line in Figure 4 , there was a 42% increase in volumetric power density with surface area (p ¼ 0.008 for the slope). Fan et al. (a) also observed that adding an additional cathode increased power, although they added another anode at the same time, effectively combining two reactors into a single reactor. In addition, changing the cathode size has been found to affect power production when using flat cathodes (Oh et al. ; Fan et al. ) , but the finding here is that surface area was more important than cathode shape. The observation that power output (unpublished data, 2008) . Including this additional result in Figure 4 provides good agreement with the regression line using the other reactor data. Thus, it appears that the brush orientation was not important relative to differences in the cathode specific surface areas for other reactors. the AEM membrane and conductive paint together cost $81/m 2 , or 92% less than the carbon cloth, the lower power generation might be justifiable from an economic viewpoint. In addition, the size of the tubes used here can be reduced to increase specific surface area. Adding a second tube to the MFC doubled the surface area, but due to the increase in volume specific surface area increased by only 37%. By making the tubes smaller, we could provide specific surface areas that are similar to those achieved in membrane bioreactors of 180 to 6,800 m 2 /m 3 (Logan ).
Outlook

CONCLUSIONS
These results show that cathode tube geometry is not as important a factor in power production as total cathode surface area. Additional work is needed on developing new low-cost cathode materials, such as coated membranes, that have less internal resistance, higher electron conductivity, improved oxygen reduction kinetics, and higher specific surface areas. Molding these materials into tubes or other geometries will not affect power if electrode spacing is minimized.
